A procedure was developed for the preparation of anti-sulfonamide (SA) group-specific antibodies and immunosorbents. Sulfonamide haptens and conjugates were synthesized by building spacer arms on an N 1 group of 4-aminobenzensulfonamide. The anti-SA group-specific antibodies and immunosorbents were prepared successfully. After extraction with methanol-water (8 + 2), sulfamonomethoxine, sulfadimethoxine, and sulfaquinoxaline were cleaned up on immunoaffinity columns and determined by reversed-phase liquid chromatography with UV detection at 270 nm. The recoveries from fortified swine meat (10-100 mg/kg) ranged from 70.8 to 94.1%, with coefficients of variation of 3.4-12.9%. Limits of detection were 1-2 mg/kg.
S ulfonamides (SAs) are an important class of broad-spectrum antibacterial compounds widely used in veterinary practice and animal husbandry (1) . As chemotherapeutic drugs and feed additives, SAs are cheap and easily available on the market. The residues of these drugs occur in various foods of animal origins and present a potential danger to human health. In China and many other countries, the maximum residue limit (MRL) for SAs in edible tissues is 0.1 mg/kg.
SA residues have been determined by liquid chromatography (LC), gas chromatography (GC), and thin-layer chromatography (TLC; [2] [3] [4] [5] [6] [7] [8] . However, these methods use conventional cleanup procedures prior to determination, e.g., liquid-liquid extraction and solid-phase extraction, which are tedious and require large amounts of organic solvents. Recently, immunoassays for determining residues of SAs have been reported (9) (10) (11) (12) (13) (14) (15) . Sheth and Sporns (16) developed a single enzyme-linked immunosorbent assay (ELISA) for detection of several SAs. As a selective analytical tool, immunoanalysis simplifies drug residue analysis, such as in immunoassay detection and immunoaffinity chromatography (IAC) cleanup (17) (18) (19) . The principle and application of IAC for residue analysis have been reviewed (20) (21) (22) .
This study presents a new procedure for preparation of anti-SAs group-specific antibodies and immunosorbents. SAs are cleaned up from swine meat with an immunoaffinity column and determined by LC-UV. This work is part of a series of studies on IAC for analysis of drug residues. (l) LC system and LC conditions.-SP8810 pump, SP4270 integrator, and SP8450 UV-Vis detector (Spectra-Physics, Inc., San Jose, CA). Supelcosil LC column, 150 × 4.6 mm id, 5 µm C 18 (Supelco, Inc., Bellefonte, PA). Flow rate, 1.0 mL/min; ambient temperature; detection wavelength, 270 nm, aufs = 0.05; injection volume, 50 µL. 
Experimental

Apparatus
Reagents and Solutions
Synthesis of Sulfonamide Haptens
-In a well-ventilated fume hood, 9.3 g (40 mmol) N-acetylsulfanilyl chloride was added to a 50 mL 3-neck flask and dissolved with 10 mL anhydrous pyridine. To this solution, 5.0 g (33 mmol) of p-aminobenzoic acid methyl ester dissolved in 5 mL anhydrous pyridine was added slowly with mechanical stirring. The resultant brownish mixture was then refluxed for 1.5 h in an oil bath and cooled to room temperature. This solution was transferred to a 500 mL round-bottom flask and mixed with 200 mL 2 mol/L NaOH. The mixture was boiled for 0.5 h to remove pyridine, which was collected in a receiver. Some water was added. The mixture was kept under reflux condition for 2 h and cooled to room temperature. HCl (6 mol/L) was added slowly with stirring until the solution became turbid (pH 4-5). The turbid solution was extracted with ethyl acetate (200 mL × 1, 100 mL × 2). Ethyl acetate layers were collected and dried over anhydrous magnesium sulfate. The solvent was removed with a rotary evaporator at 50EC, yielding a yellowish solid. The product was dried under vacuum for 24 h, and 9.28 g white powder was obtained: 96.0% yield; m.p. 
Conjugates Preparation
The haptens were coupled to carrier proteins (BSA or OVA) by the NHS ester method (23) as follows: 26.6 mg (90 nmol) H 1 was dissolved with 0.8 mL dimethylformamide (DMF) in a 5 mL round-bottom flask to which 23.0 mg (200 nmol) NHS and 38.3 mg (200 nmol) of EDC-HCl were added. The mixture was stirred with a magnetic stirrer overnight at room temperature. The preactivated hapten solution was added dropwise to 10.8 mL 0.1 mol/L borate (pH 9.4) containing 60 mg (0.91 nmol) BSA and 0.9 mL DMF with stirring over 1 h. The coupling solution was stirred for an additional hour at room temperature and then at 4EC overnight.
This
After centrifugation, the dialyzed supernatant was stored in aliquots at -20EC. Hapten content and conjugate concentration were determined by UV spectrophotometry.
Antibody Preparation
Nine New Zealand rabbits were immunized with 3 BSA conjugates (3 animals per conjugate) subcutaneously (1 mg/kg body weight) and bled by conventional procedure (23) 
The immunoglobulin (IgG) fraction was isolated from rabbit sera by ammonium sulfate precipitation and purified further with a DEAE-cellulose anion-exchange column (18) . This purified IgG was used to prepare immunosorbents.
Immunosorbent Preparation
IgG (100 mg) was dissolved in ca 20 mL 0.13 mol/L boric acid (pH 8.5) and coupled to 10 mL Sepharose CL-4B to synthesize the anti-SAs immunosorbent. The procedures for solvent exchange of the matrix from water, CDI-activation, coupling, and blocking were described earlier (19) . The coupling efficiency was determined spectrophotometrically. The immunosorbent was stored in PBS-0.02% sodium azide at 4EC.
Capacity Determination
Immunoaffinity columns (10 × 0.7 cm id, 1.0 mL bed volume) were rinsed initially with 5 mL methanol and then equilibrated with 5 mL water and 10 mL PBS.
The column capacity for 8 SAs was determined as follows: Add 20 mL PBS-methanol (9 + 1) containing 5 µg of a drug (theoretical capacity) to an immunoaffinity column at a flow rate of 1.2 mL/min; wash the drug-saturated column successively with 40 mL PBS (0.5 mol/L NaCl)-methanol (9 + 1) and 5 mL water. Remove excess water from bed by blowing air through for several seconds; elute drug from column with 4 mL methanol and monitor by LC with UV detection at 270 nm. This column was regenerated by equilibrating with 5 mL water and 10 mL PBS, and stored in PBS-0.02% sodium azide at 4EC when not in use.
Flow Rate Tests
SMM equivalent to ca one-half the capacity in 20 mL PBS-methanol (9 + 1) was added to a column at a flow rate of 0.5, 1.2 (gravity flow), or 2.2 mL/min. After washing with 10 mL PBS and 5 mL water and elution with 4 mL methanol, recoveries were determined.
Sample Preparation and Extraction
Swine meat was minced and homogenized in a homogenizer at high speed for 2 min. The homogenate was stored at -20EC in sealed plastic bags.
A 5.0 g thawed homogenate was transferred to a 50 mL polypropylene centrifuge tube, and 15.0 mL methanol-water (8 + 2) was added. The mixture was shaken thoroughly on a Vortex mixer and again with a shaking apparatus for 1 h at medium speed. The sample was adjusted to a volume of 20 mL with a little methanol and shaken thoroughly by hand. After centrifugation for 10 min at 2000 × g, 10 mL supernatant was transferred and diluted with 40 mL PBS. This solution was added to the immunoaffinity column for cleanup.
Cleanup
The cleanup procedure (adsorption, washing, elution, and regeneration) was the same as described for determination of column capacity. The eluant was evaporated to dryness with a rotary evaporator at 50EC. Residue was redissolved in 0.3 mL acetonitrile and then 0.7 mL 0.017 mol/L H 3 PO 4 with a Vortex mixer for 15 s. After filtration through a 0.45 µm filter, an aliquot of 50 µL was injected for LC analysis.
Calibration Curves and Fortification
The working solutions (10, 20, 50, 100, 200 , and 500 ng/mL) for calibration curves were prepared by diluting stock solutions of SMM, SDM, and SQX with mobile phase.
In fortification studies, blank swine meat homogenates were spiked with 10-50 µL standard solutions, mixed thoroughly, and kept still for 10-15 min. After extraction, cleanup, and determination as above, the levels of analyte were calculated as follows:
where C (ng/mL) is the concentration of analyte in the final sample solution determined from the standard curve, V (mL) is the volume of the final sample solution, and W (g) is the weight of sample.
Results and Discussion
Artificial Immunogen Synthesis
Sheth and Sporns (16) prepared antibodies against the common structure of SAs, using sulfathiazole derivative-conjugated carriers as immunogens. We prepared 3 different haptens and immunogens in which 3 kinds of space arms were linked to the N 1 section of 4-aminobenzensulfonamide. The feature common to SAs was exposed to induce antibodies with high selectivity and avidity for this class of SAs. A spacer arm of the phenyl group in the structure of H 1 simulated the stereochemical and electronic properties of heterocyclic rings linked to the N 1 section of the SAs. In the structure of H 2 , H 1 was used as a spacer arm, which increased the content of the target structure (4-aminobenzensulfonamide). H 3 had a saturated carbon chain with a minimal electronic and stereochemical effect on target structure, which enhanced the specificity of antibodies (24) .
In the synthesis of conjugates, a white precipitate formed during addition of preactivated haptens, but disappeared during dialysis. The UV spectrum of dialysates, assuming addi-tive absorption of haptens and carriers (8 max : 250-260 nm, 275-280 nm), showed that haptens had been coupled to carriers. The precipitate, which was separated from the reaction solution by filtration prior to dialysis, was dissolved in PBS and also showed the same property of UV absorption as the dialysate. These conjugates with free aromatic aminosulfonamide groups may have lower solubility in coupling solution (pH 9.4), and are precipitated from reaction solution. The structures and hapten contents of conjugates are listed in Figure 1 .
Antibody Preparation
After 6 injections over 12 weeks, the antisera were obtained by conventional methods. The antibodies were detected at serum dilutions of 1:102 400 or above (2× background absorbance) in indirect competitive ELISA, using OVA conjugates corresponding to immuogens with the same haptens as coating antigens.
The specificity of antibodies is summarized as follows: The 8 SAs were recognized best by antibodies induced with H 2 -BSA, a little lower with H 1 -BSA, and lowest with H 3 -BSA. The alkyl spacer arm in H 1 -BSA differed significantly from the N 1 -substituted groups of most SAs in stereochemical and electronic properties, and did not effectively induce antibodies against SAs. The antibodies of H 2 -BSA, which had a spacer arm with a repeated structure of 4-aminobenzensulfonamide and a larger steric group, fit best with most tested SAs. All antibodies showed no cross-reactivity with other tested drugs, such as trimethoprim, chloramphenicol, benzylpenicillin, norfloxacin, and chlortetracycline. The specificity of antibodies and development of ELISA for SAs is discussed by Li et al. (25) .
The H 1 -BSA antiserum with the highest positive dilution (1:204 800) was selected for preparation of immunosorbent. A total of 170 mg purified IgG was obtained from 20 mL serum.
Immunoaffinity Columns
The coupling efficiency was 92.5%, which resulted in an immunosorbent with IgG loading of 9.25 mg/mL gel. Figure 2 shows the column capacity for 8 SAs. SAs with R groups of less steric hindrance and higher electron withdrawing effects were recognized easily by the antibodies. The column had much higher capacity for SMM and SDM than for SMX or SMZ, for example. Both 4 mL methanol and 15 mL 0.1 mol/L glycine-HCl buffer (pH 2.8) eluted SAs from immunoaffinity columns completely. However, the methanol eluant was conveniently concentrated and subjected to LC determination. Using methanol as eluent, the column capacity decreased during reuse in a manner similar to that in our previous reports (18, 19) : 73% (855 ng/mL SQX) or 56% (656 ng/mL SQX) remained after 5 or 12 cycles of reuse in 2 months. There was no detectable drop in capacity during storage of nearly 1 year. SMM was almost completely recovered at flow rates of 0.5 and 1.2 mL/min (>98% retention); 95% retained at 2.2 mL/min. Therefore, the flow rate of 1.2 mL/min was used throughout the experiment.
Extraction and Cleanup
Although most SAs had good solubility in methanol, previous studies (25, 26) showed that the antibody-hapten interactions had a higher tolerance to aqueous methanol (up to 10-20% methanol). Extracting efficiency was similar with methanol or methanol-water (8 + 2) as extracting solvent, but methanol extract became turbid when mixed with PBS; possibly much more sample matrix was extracted by 100% methanol. After dilution with PBS, a clearer solution of 50 mL containing about 12% methanol was produced and easily drawn through immunoaffinity columns. As described earlier (19) , PBS containing 0.5 mol/L NaCl efficiently washed interfering matrix off immunoaffinity columns. Figure 3 (d and e) shows that most nonspecific-adsorbing matrix was eliminated with this solution of high ionic strength. No interfering peaks appear on the liquid chromatograms, indicating that the immunosorbent specifically recognized SAs.
The extract was diluted with PBS containing 0.5 mol/L NaCl to reduce the volume of washing solvent, but the resultant mixture became turbid and led to clogging. In addition, PBS containing 0.5 mol/L NaCl should be delivered to the immunoaffionity column after the sample solution completely enters the column bed to prevent the sample solution from reversing and affecting cleanup.
Determination and Fortification
The standard calibration curves for SMM, SDM, and SQX was linear (r 2 = 0.9998-1.000, n = 6) over a range of 10-500 ng/mL.
The typical chromatograms of standard solution and fortified samples are shown in Figure 3 . The recoveries of 3 drugs from fortification studies were 70.8-94.1% (slightly lower for SMM) in spiked levels of 10-100 µg/kg, with coefficients of variation (CVs) of 3.4-12.9% (see Table 1 ). The limits of detection were 1-2 µg/kg for SMM, SQX, and SDM (27) . The limit of determination was 10 µg/kg. With one-step cleanup and only PBS and methanol used, this LC method was sensitive and reliable enough for determining those residues in swine meat. 
